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STUDIES ON REACTIONS
How dots the repellent compound succeed in turning the Paramecium away from the source of stimulus?
In the first of these " Studies on Reactions to Stimuli " details were given as to the general features of the phenomena shown in the reactions of Paramecium. It was there shown that Paramecia are positively chemotactic to weak solutions of substances having an acid reaction, negatively chemotactic to substances having an alkaline reaction, and to many neutral salts. I shall give here in brief only enough of the gross appearance of these reactions to make intelligible the account of the finer mechanism and the way in which this mechanism is demonstrated.
The method by which the reactions of Paramecium toward most stimuli is demonstrated in practice is shown in Fig. 2 . Paramecia are brought upon a glass slide and covered with a long cover-glass, supported near its two ends by bits of capillary glass tubing.
The Paramecia swim at random throughout the preparation. Now a drop of any solution t o w a r d which the method of reaction is to be tested is introduced beneath the coverglass by means of a capillary pipette, as shown in the figure.
The Paramecia in their random swimming strike the edge of the drop, whereupon they react in a characteristic manner. If they are positively chemotactic to the substance in the drop -as they are if it is weakly acid in reaction -they soon gather in a dense shown in Fig. 3 . If, on the other hand, they are negatively chemotactic, the drop remains entirely empty, as shown in Fig. 4 . This method is of course designed especially for the demonstration of chemotaxis.
Thermotaxis, or the reaction toward heat or cold, mav be demo bY I nstrated in a similar manneq'or better warming or cooling one end of the swarm within the drop, as paratus devised by Mendelssohn? Now, how does the substance in the drop in Fig. 3 succeed in affecting the cilia in such a way as to make the Paramecia turn toward and enter the drop? Observation of the method by which the Paramecia collect in the drop shows that the foregoing question involves an assumption which is untrue. The Paramecia in the neighborhood of the drop do not turn toward it. The animals collect in the drop in an entirely djf- A Paramecium in its random course strikes by chance against the margin.
It does not react, but keeps on its way across the drop until it comes to the other side (Fig. 5 ). There it reacts negatively, and turns back, swimming across th.e drop in another direction, till it again 1 --:,; t. : I( ,', ' # ,-' ' l --: comes to the margin of the drop. There *-: : l ' 1 ",',r #' i':: ', I.#', *--'* m * it again reacts negatively, and swims in , .o " -,a a new direction, till it is turned back by the margin as before. This con-L '-' c , ~:*I* 4' ,, ---I ', ', :, \' .'# (. ;, , : : ,**,", " ; 1 : '$ ' " ' : " 1 : ,' '. l ', : ' t' " , \ tinues, so that the Paramecium is, as it were, imprisoned in the drop. enter the drop in the same way, purely by chance, and remain in the same manner, until the drop swarms with Paramecia. Owing to the restless hither and thither swimming of the animals on the slide, almost every one will in a short time have come by chance against the edge of the drop, will have entered and remained. Thus in in Fig. 3 ; almost all the a short time we get the appearance shown Paramecia in the preparation are collected in the drop. We say that the Paramecia are positively chemotactive to the substance in the drop, but so far as any motor reaction is concerned, evidently a more accurate statement is that after entering the drop by chance they are negatively chemotactic to the surrounding fluid. The same thing may be shown to be true for thermotaxis or the reaction to- lution, we may introduce into a slide preparation of Paramecia in cold water a drop of water warmed to the temperature toward which the Paramecia appear to be positively thermotactic.
We shall find that the Paramecia collect in the warm drop in exactly the same manner as in the case of the chemical compound just described : they enter by chance, then are negatively tactic to the surrounding cold water.
An extended examination of the reactions of Paramecium shows that this is typical for all apparently positive reactions. 1~ and of . To understand the negative reaction, it is necessary to recall the animal's normal method of progression through the water.
The unstimulated Paramecium swims nearly straight forward, though in a slightly sinuous course, the narrower, blunter end directed forward.
At the same time it revolves on its long axis. Usually, but not invariably, this revolution stems to be from left to right, but there is much variation in the direction. Now, when a Paramecium, swimming as above described, strikes the margin of the drop of sodium chloride solution, it reverses its course, darting straight backward, -the broad, pointed (posterior) end now being in the lead.
At the same time, the direction of rotation on the long axis is reversed, the Paramecium revolving (usually) from right to left.
Next the animal swings on its short axis, so as to bring the longitudinal axis of the body out of the line of direction in which it was first swimming. Then the infusorian begins to swim forward again, -following a course which lies at an angle to the course it was taking when it struck the drop of sodium chloride solution.
Briefly stated, the animal has adopted the very rational course of backing off, turning in a different direction, then proceeding on past the obstacle, -much as any higher animal would have done.
We may here take up two questions, upon one of which we have already a certain amount of evidence, while the second is pressed upon us by the course of events in the reaction last described. Every reagent causes at first a reversal of the motion of the animal, and therefore beyond doubt a reversal of the motion of the cilia.
Since the same result is obtained with stimuli of so heterogeneous and opposite a character, it follows that the determining feature in this method of reaction must be internal. The Paramecium is like a machine in which the wheels are set for a certain motion; to every application of power from whatever source it responds by this motion.
It is to be noted, moreover, that while in these experiments Since all these entirely unlocalized stimuli cause the turning away, it follows that the latter is not due to the localization of the stimulus:
the Paramecia do not turn from nor toward the source of stimulus, -because they are completely surrounded by and immersed within it. Apparently the turning away is due, l&c the reversal, to an internal mechanism, not to any characteristic of the external stimulus. Neither can the a%ection in which they turn be determined by an external factor in these cases. It appears probable, therefore, that it is an internal factor that determines the direction of turning.
The next step is to try whether anything can be discerned in the structure of the Paramecium that will give a clue to the factor dctcrmining the direction of turning.
The most obvious differentiations of the body of the animal are into anterior and posterior ends, and into oral and aboral sides, as shown in Fig. I change. After this they begin to turn, and this portion of the reaction is continued like the first, SO that they spin around on the short axis of the body, as on a pivot, for half an hour at a time.
Thus after ten minutes all the Paramecia in the watch-glass will be whirling like tops. It is easy thus to have hundreds of specimens in the field at once with a low power lens, and of these many individuals will be in such a position that it is easy to determine the relation of the direction of turning to the two sides of the animal.
It then appears that all are whirling toward the side that contains the contractile vacuoles, -that is, towad the ahoral side. The direction of motion is indicated in Fig. 6 . At first the Paramecia whirl as if on a pivot through the middle of the animal. Later the centre of rotation comes to lie outside the body of the animals, so that they now swim in circles. In every case the centre of the circle lies on the aboral side of the Paramecium, so that the animal is still turning toward the aboral side, though not in such short turns as at first.
Thus under the stimulus caused by potassium iodide, the direction of turning is determined by an internal factor, -the differentiation into oral and aboral sides being the deciding feature.
Taking this in connection
with the fact that all unlocalized stimuli cause turning, it is a natural inference FIGURE 6. Direction that the localization of a stimulus has no effect on on a slide and covered with a cover-glass, which is closely pressed down, so as to leave only a narrow space between slide and cover.
It will usually be found that many Paramecia are imprisoned in small crevices in the bacterial zooglcea, so that they can swim only from one end of the crevice to the other, and at each end they must turn.
The cover-glass is so close to the slide that the animals can turn only in a horizontal plane. By watching the Paramecia as they turn at the end of the crevice, it will easily be seen that they invariably turn toward the aboral side. We find matively.
then that the question last proposed is to Paramecium after reversing ahays tumzs be answered affirszZe, whatever be the nature and position of the source of stimulus.
A certain feature in the normal straightforward swimming of the unstimulated Paramecium appears to be connected with this fact. As has been often noted, the course in which an individual swims is not perfectly straight, but, as seen from above, the animal seems to swerve from side to side. This swerving has been figured by Verworn 1 and others.
The actual path is a narrow spiral, the animal, of course, swerving up and down as well as from side to side. Now, observation of slowly moving individuals shows that at any point in this spiral course the aboral side is on the outside of the spiral.
In other words, the Paramecium as it swims continually swerves toward the aboral side.
As at the same time it rotates on its long axis, the position of the aboral side continually changes, so that the resulting path is a spiral one, and the general result is the same as if the Paramecium had progressed in a straight line. These facts are indicated in the accompanying diagram of the FI path of a Paramecium (Fig. 9) . Ap-
Path of a where directed tow is everyParamecium.
The But as the active cilia I I are all on one side, there is also a tendency to move toward the opposite side.
The resultant of these two motions at right angles to each other is a motion in the circumference of a circle.
In fact, the animal in the opposite direction from the water currents.
The ciliary motion is thus the same whether the thigmotactic animal is at rest or in motion; in the former case the water currents move obliquely backward; in the latter case the animal moves on the same lines obliquely forward.
The Paramecium is, as it were, whirled about in its own whirlpool " (Zoc. cit. ; p. 305). Fig. 12 indicate the direction of the water currents produced by the cilia at this stage of the reaction.
In the oral groove there is a strong current backward, while on the anterior half of the aboral side there is a transverse current from the aboral to the oral side.
This motion ofthe cilia of course causes the Paramecium to aboral side (opposite the arrows in Fig. I 2), and turn toward the with this observation we have deter-mined the real mechanism of the turning.
The next step in the reaction is the cessation of the transverse stroke of the aboral cilia, so that they strike backward, as before the stimulation, driving the animal straight forward as at first. Thus the reaction of Paramecium to any ordinary stimulus is as follows: (I) Th e cilia over the entire surface of the body are reversed, striking forward, thus driving the animal backward. At the same time its direction of revolution on the long axis is reversed. (2) This reaction is not characteristic for any particular class of stimuli, but it occurs in a more or less marked manner whenever any stimulus acts upon the animal with sufficient power to cause a motor reaction. Toward acids and alkalies, toward neutral salts and toward fluids that arc active only through their high osmotic pressure ; toward heat and cold and mechanical shock, the same reaction is given.
Apparently a strong electric current has a related cffcct, since Verworn has observed that when a very strong electric current is passed through water containing Paramecia, they all swim backward, and thus collect at the anode instead of at the cathode, as is usual with a weaker current.
A re-examination of the phenomena of electrotaxis in the light of the general reaction-plan described in this paper appears desirable to determine the relation of the two. so that the remainder of the path lies in quite a new direction. It seems probable that for most circumstances in the normal daily life of a Paramecium, this rough hit-or-miss method of reaction L quite sufficient to keep the animal out of danger and to enable it to avoid obstacles.
Rut the utility of the reaction is left to cha,nce, and so circumstances may arise in which the chances are against the Paramecium.
Thus in the presence of a drop of some strong chemical, such as i-&a per cent sulphuric acid or cupric chloride, it will readily be seen that the chances of escape are limited.
The animal responds to the first stimulus by a violent reversal of the cilia, carrying it some distance backward.
If now the direction in which the transverse stroke of the aboral cilia carries it after this backward course is by chance such as to take the animal away from the drop, well and good; if, on the other hand, the Paramecium is carried a second time against the drop, it is likely to succumb at once to its poisonous effects. Observation shows that when a drop of such a substance is introduced into a preparation of Paramecia on the slide, it soon becomes surrounded by a zone of the dead infusoria. The same is true of a drop of a dense solution of cane sugar, which is injurious from its osmotic pressure.
The Paramecia react when they enter such a dense solution, but the reaction is not precise enough to take them out of the destructive area before they are killed? The uselessness of the reaction seems especially striking when the Paramecia are completely immersed in a solution that acts as a stimulus.
Under these circumstances, when there is no obstacle to be avoided and the stimulus is not localized at all, the Paramecia respond with exactly the same reaction.
Paramecia do not modify their conduct to suit the needs of the case, but give the same reaction under all circumstances.
The reaction is exactly such a one as might be maintained by natural selection, acting under an environment that makes no scvcre demands.
Since the Paramecium usually swims forward, a majority of the stimuli that affect it at all will affect the anterior end. The whole reaction to nny stimulus is, therefore, based upon this position of the source of stimulus, without regard to the conditions in a given particular case. For stimuli acting upon the side of the body, the reaction is, therefore, a very imperfect one, the 1 There is great variation in the repellent power of different them pounds. This subject will be treated by the author in a separate paper. comparative rarity of such stimuli having led to no development of a special mechanism to suit that case. A reaction such as would permit a direct turning away from a stimulus acting upon any side of the animal would evidently involve a much more complicated mechanism, and imply a higher condition psychologically than this simple one-reaction plan. But even this serves, if repeated a sufficient number of times, for avoiding sources of stimuli acting upon the sides of the animal, and under some conditions the result is produced in a fairly direct manner.
In certain cases, when the stimulus causing the reaction is very weak, and the Paramecium comes against the source of stimulus very obliquely, so as to touch it only on one side, there appears to be an almost direct turning away, toward the side opposite the stimulus. This is to be observed particularly in the collections of Paramecia in a region containing carbon dioxide excreted by themselves.
A long narrow arca may thus be formed beneath the cover-glass (as shown in Fig. 14) ) in which the Paramecia swim back and forth; to the outside this area they arc weakly water negativcly chemotactic, so that when they single Paramecium swimming lengthwise of this arca may strike against its lateral boundaries with one side or the other, when it will frequently (not always) bc seen to apparently sheer directly off, away from the boundary, and keep on its course undisturbed. Careful observation shows that such cases are to be placed in two categories.
(I) When the Paramecium comes against the boundary, the aboral side by chance already lies toward the intcrior of the area, so that all that is necessary is for the Paramecium to react in the usual manner, in order to leave the boundary.
(2) The more interesting case is where the Paramecium comes against the boundary with the aboral side fzot toward the interior of the arca. In this case it will be seen to hesitate an apprcciablc interval bcforc turning away from the boundary.
During this moment of hesitation it stn~ts to turn toward the aboral side, which is thereby pushed further into the outer fluid, toward which the animal is negative. This induces a faint reversal of the cilia (in agreement with the general lx s. finnings. plan of reaction above described), so that the animal does not progress further in that direction, and may be seen to move backward a barely perceptible distance. It then tries the turning again. On account of the continual rotation on the long axis, the aboral side will now be in a new position ; the animal will, therefore, turn in a new direction, and may swim victoriously into the area; if not, a new trial is made during another instant of seeming hesitation. The delay cannot be longer than it requires for the Paramecium to rotate half a turn on its long axis.
The animal makes the appearance of feeling about with its anterior end, to discover the proper course to pursue ; it is really trying all the time to turn toward the aboral side, but cannot go forward until this carries it into a medium that does not cause a reversal of the cilia. The direction in which the animal shall go is not sclccted by the Paramecium itself, but is rt?~inmntl'cnZZy selected through the fact that this direction dots not cause a reversal of the cilia.
This more direct method is, however, only possible in cases where the negative stimulus is very weak, so as to cause only a very faint reversal of the cilia. With a stronger stimulus the animal shoots back as much as half its length, or more, so that it is now scparatcd from the source of stimulus by a perceptible interval (as in Fig. 13 j ; it is, thcrcfore, free to turn in any direction. Hence, it as frequently turns at first town& the source of stimulus as in any other direction. Moreover, even with the weakest stimulus, not all individuals turn in the more direct way just described ; many individuals in such an area as shown in Fig. 14 react essentially as shown in Fig. 13 . The latter figure shows the tyipicnd reaction, c of which the method just described is a less usual special case. Four strips of capillary glass tubing, enclosing a rectangular space, are fixed on a slide by means of Canada balsam (Fig. r5) ; the enclosure is then filled with water containing Paramecia, and covered with a long cover-glass.
The Paramecia are scattered uniformly throughout the enclosure, swimming in all directions (the two ends being at first not empty, as they appear in the figure) . Now one end of the slide for about a fourth of its length (from a to c) is allowed to rest on a water bath heated to about 40' C., while the other end, from f to d, rests on a piece of ice. Soon it will be noticed that the Paramecia at the heated end, between b and c, are in violent mo- Rut we find that the most varied and even opposite stimuli produce the same reaction, and that stimuli at one end, at the side, or acting over the entire surface of the animal at once, produce the same result. The reaction appears to be purely arbitrary, without any relation to the nature of the cause. It evidently depends upon the internal mechanism of the body of Paramecium, and this mechanism is so complicated that we are quite unable to trace the steps which lead from cause to effect.
For all practical purposes, therefore, the reactions of Paramecia present phenomena not a whit simpler for a causal understanding than the activities of a highly developed Mctazoan.
The mechanism of the unicellular organism, lacking as it does a complex nervous system, may, as a matter of fact, be simpler than that of a Metazoan, but in both cases the mechanism is of sufficient complication to interpose for our understanding an absolute break between stimulus and reaction ; hence the study of the Protozoan gives no deeper insight into the essential nature of such reactions than does the study of a Metazoan.
LVhether the reactions of such a comparatively undifferentiated lump of protoplasm as Amoeba will really prove of any more value for such an insight remains to be seen; certainly Amoeba is deserving of a thorough experimental study from this standpoint.
Thus tlnc principal intrinsic interest of this investigation lies not so much in the fact that the organism studied is a mass of protoplasm constituting but a single cell, as in the fact that it represents a very low place in the psychological scale. From the psychological stand-. point, the reactions of Paramecium are extraordinarily simple. We have in this animal perhaps as near an approach to the theoretical reaction postulated by Spencer and I3ain for a primitive organism, -namely, random movements in response to any stimulus, -as is likely to be found in any living organism.
The motions are strictly random, so far as the position of the source of stimulus is concerned ; the animal always swimming, after stimulation, in the direction of one of its own ends (the posterior) and turning toward one of its own sides (the aboral), without regard to the relation of these directions to the source of stimulus.
And by the repetition of the reaction the direction of movement is frequently changed, -always without relation to the localization of the stimulus.
It appears not to have been foreseen, theoretically, that such random movements would of themselves if continued carry the animal out of the sphere of influence of the agent causing them and keep it from re-entering.
To accom-plish this result, it is only necessary that the direction 
